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Low complexity regionThe ubiquitin proteasome system is responsible for the controlled degradation of a vast number of
intracellular proteins. It targets misfolded or otherwise aberrant proteins as well as proteins no
longer needed at a given point in time. The 26S proteasome is a large macromolecular machine
comprising 33 distinct subunits as well as a number of transiently associating cofactors. Being
essentially a non-speciﬁc protease, speciﬁcity is conferred by the ubiquitin system, which selects
and marks substrates for degradation. Here, we review our current understanding of the structure
and function of the 26S proteasome; in doing so we highlight the role of disordered protein regions.
Disordered segments in substrates promote their degradation, whereas low complexity regions
prevent their proteolysis. In the 26S proteasome itself a main role of disordered segments seems
to be rendering the ubiquitin receptors mobile, possibly supporting recruitment of polyubiquity-
lated substrates. Thus, these structural features of substrates as well as of the 26S proteasome itself
likely play important roles at different stages of the protein degradation process.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In eukaryotic cells the ubiquitin–proteasome system (UPS) is
responsible for the regulated degradation of intracellular proteins
[1]. Substrates of the UPS include proteins requiring tight temporal
control, such as cell cycle regulators [2], as well as proteins that fail
to pass the stringent quality control system of the cell [3]. The UPS
has evolved to perform speciﬁc degradation of an extraordinarily
broad range of substrates. Speciﬁcity is achieved by the covalent
attachment of polyubiquitin chains to substrates via a cascade of
E1/E2/E3 enzymes. The E3 enzymes in particular recognize
primary ‘degrons’ of the substrate [4], often linear motifs embed-
ded in disordered protein segments [5,6]. Polyubiquitin-tagged
substrates are then recognized by a large multiprotein complex,
the 26S proteasome, which degrades them into short peptides in
an ATP-dependent manner [7].
Polyubiquitin tagging is required [8], but not sufﬁcient for
proteasomal degradation. For efﬁcient degradation substrates
must furthermore display unstructured stretches of minimal
lengths at speciﬁc locations (Fig. 1). Jointly, the polyubiquitin tag
and the unstructured region are sometimes referred to as a
two-component secondary degron [9]. Conversely, tightly folded
domains, such as dihydrofolate reductase (DHFR) bound tomethotrexate can resist proteasomal degradation [10]. Moreover,
speciﬁc types of low-complexity regions, most notably Gly-Ala
repeats, also withstand degradation. This is exploited by some
viruses, thereby escaping destruction [11,12].
The 26S proteasome comprises two subcomplexes, the 20S core
particle (CP) and the 19S regulatory particle (RP) [13]. The CP is a
fairly non-speciﬁc protease that catalyzes the degradation of
unfolded substrates. Its crystal structures revealed a
C2-symmetrical assembly of 4 stacked heptameric rings [14–16].
The two central b-rings harbor the catalytically active sites seques-
tered in a catalytic chamber, whereas the outer ring a-subunits
control access of proteins and peptides to it. The N-termini of the
a-subunits form a gate at the cylinder openings of the CP
[15,17,18].
One or both ends of the cylinder-shaped CP are capped by a 19S
regulatory particle (RP), which prepares substrates for degradation
[19]. The RP is a 1 MDa complex consisting of 6 RP Triple-A (AAA)
ATPases (Rpt1-6) and 13 RP Non-ATPases (Rpn1-3, 5-13, 15)
(Fig. 2). The RP confers substrate speciﬁcity to the CP by recogniz-
ing polyubiquitylated substrates. Three integral, structurally
distinct ubiquitin-receptors have been identiﬁed to date: Rpn10
[20], Rpn13 [21], and Rpn15 (Sem1) [22]. Additional functions of
the RPs are the removal of polyubiquitin tags from the substrate
prior to degradation by Rpn11 [23,24], and the ATP-dependent
unfolding and translocation of the substrate into the CP by the
Rpts [7,25–28].
Fig. 1. Requirement of an unstructured initiation region for proteasomal degradation in vitro. (a) DHFR was targeted to the proteasome by N-terminal fusion with four
ubiquitin moieties. Unstructured tails of different lengths were placed at the C-terminus to serve as initiation regions. (b) The substrate degradation rate strongly depends on
the length of the unstructured tail, as indicated by the remaining percentage of the respective substrates over time. (Figure reproduced from [9].)
A. Aufderheide et al. / FEBS Letters 589 (2015) 2552–2560 2553The structure of the 19S RPs is understood in less detail than
that of the CP and only recently has its molecular architecture been
elucidated primarily by single particle cryo-electron microscopy
(cryo-EM) approaches [29–31]. The difﬁculties in structure deter-
mination arise from the structural and compositional heterogene-
ity of the 26S proteasome. This heterogeneity is due to structurally
variable components of the RP, sub-stoichiometrical binding of
many proteasome interacting proteins (PIPs), and conformational
heterogeneity. Advances in cryo-EM in conjunction with powerful
in vitro and in silico puriﬁcation procedures have ﬁnally enabled
subnanometer resolution insights into the 26S proteasome archi-
tecture and allowed to put forward an atomic model [29,32]. The
structure reveals that the Rpts form homohexameric AAA-ATPase
rings akin to prokaryotic ATP-dependent proteases, which associ-
ate with the cylinder ends of the CP and are surrounded by a shell
of Rpn subunits. Subsequent studies have focused on capturing
different conformational states of the 26S proteasome throughout
its functional cycle [32–34]. These studies revealed structural
changes of the AAA-ATPase module that translate into large
motions of the Rpn subunits.
Here, we review our current understanding of the structure and
function of the 26S proteasome with a focus on the role of variable
and disordered protein regions. First we summarize the present
knowledge with regard to the importance of disordered protein
segments for their processing by the UPS. We then compile infor-
mation of the structure of the RP and the most important PIPs
including a prediction of their disordered segments using bioinfor-
matics methods, before recapitulating the structure of the 26S
proteasome in its different conformations and relating it to the
sequence of events during degradation. Finally, we use image
analysis methods to analyze structurally variable regions of the
RP in cryo-EM data and compare them to the localization of
unstructured elements.
2. Role of disordered regions in proteasomal substrates
For many substrates of the UPS, in particular those that underlie
tight temporal regulation, their structures determine both, their
ubiquitylation and proteasomal degradation. There is a variety of
primary degrons recognized by E3 ligases, which induce the
ubiquitylation of a protein [35]. Their structural determinants are
best studied for the largest class of ligases, the Really Interesting
New Gene (RING) ligases. Primary degrons for this type of ligases
are typically linear motifs. In general, speciﬁcity-determining
linear motifs themselves favor structural order, but they
tend to be embedded in structurally disordered stretches of pro-
teins [36]. The cullin RING ligases (CRLs) [5], which is the largestfamily of RING ligases, and the related Anaphase Promoting
Complex/Cyclosome (APC/C) [6] indeed appear to recognize linear
motifs embedded in unstructured segments. Degrons for APC/C are
destruction (D) box and Lys-Glu-Asn (KEN) box motifs [37]. The
KEN box is a preferred ubiquitin acceptor in APC/C substrates
and the acceptor sites are enriched in predicted disordered regions
[38]. This ﬂexible design of substrate recognition and ubiquityla-
tion sites allows for exquisite substrate speciﬁcity of ubiquitylation
despite of the relatively low afﬁnity of the D- and KEN-boxes
through ‘processive afﬁnity ampliﬁcation’ [39]. The low afﬁnity
allows the APC/C to sample molecules in the cell quickly and the
processive afﬁnity ampliﬁcation provides a positive feedback of
secondary ubiquitylation reactions after conjugation of the ﬁrst
ubiquitin moieties. A further advantage of the embedding of pri-
mary degrons into unstructured segments may be the efﬁcient reg-
ulation of its recognition by (de)-phosphorylation [40].
Accidental rather than intrinsic unfolding plays a key role in
priming erroneous proteins for degradation by quality control
pathways. These unfolded proteins bind to Hsp70 chaperones,
which are in turn recruited to E3 ligases that ubiquitylate proteins
resistant to folding [3]. The most prominent E3 ligases involved are
the RING ligase carboxyl-terminus of protein (CHIP), which polyu-
biquitylates Hsp70 bound substrates in the cytosol [41] and the
ER-resident RING ligase Hrd1 [42], which marks proteins for degra-
dation that are detected by Kar2/BiP.
Disordered regions are also highly important for the kinetics of
the proteasomal degradation process itself. Early hints at the fea-
tures of substrates supporting or antagonizing protein degradation
by the 26S proteasome came from the nuclear factor
kappa-light-chain-enhancer of activated B cells (NFj-B), one of
the most intensely studied proteasomal substrates. The 26S pro-
teasome is responsible for maturation of the p105 precursor into
the active p50 transcription factor [43]. Thus, p105 is a good and
a bad proteasomal substrate at the same time: its C-terminal
domain is degraded efﬁciently, whereas its N-terminal p50 domain
escapes degradation. Based on studies of the ER-membrane associ-
ated yeast homolog of p105, Spt23p p120, it was hypothesized that
internal cleavage is initialized from an internal, unstructured
region of at least 40 amino acids [44]. These unstructured residues
were suggested to form a hairpin loop, entering the catalytic cham-
ber of the CP. Subsequent bidirectional proteolysis of the polypep-
tides removes the C-terminal domain; the N-terminal domain
escapes this fate due to its intrinsic properties [45].
The special case of NFj-B motivated systematic analyses of
in vitro degradation of chimeric constructs involving DHFR and dis-
ordered regions [46]. These studies revealed that unstructured
stretches can indeed serve as degradation initiation sites and that
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tion efﬁciency (Fig. 1). More detailed studies using similar model
substrates indicated that unstructured regions must be at least
35 residues long and that they must be neither too close nor too
distant from the ubiquitylation site [9]. Interestingly, the secondary
two-component degron can also invoke degradation of proteins in
trans, as shown for constructs involving the tightly associating bar-
nase and barstar domains [47]. The speciﬁc type of unstructured
regions strongly affects the degradation efﬁciency of substrates:
low complexity regions, i.e., stretches in which one or few amino
acids are over-represented, such as Gly-Ala repeats in viral proteins,
have been shown to render proteins resistant to proteasomal degra-
dation in the cellular context [12]. Such low complexity repeats are
for example also found in ﬁber-forming proteins of silks and appear
to be untractable to the proteasome’s unfolding machinery. The
‘slippery’ nature of low-complexity regions apparently also spares
the N-terminal domain of NFj-B [11] and the endogenous shuttling
ubiquitin receptor Rad23 from proteasomal degradation; only the
fusion of a 100 residue long unstructured tail makes Rad23 sus-
ceptible to degradation in vitro [48].
Consistent with the in vitro degradation assays of engineered
substrates, systematic cellular screens in different organisms
revealed that proteins with low-complexity regions have longer
half-lives than other proteins [49]. Conversely, the presence of ter-
minal or internal intrinsically disordered segments tends to
decrease half-lifes of proteins in cells [50]. However, in the cell,
degradation of substrates with signiﬁcantly shorter initiation seg-
ments than in vitro is possible. For example, many substrates of
the engineered ubiquitin fusion degradation (UFD) pathway do
not have long disordered segments [51]. An essential component
of the UFD pathway is the AAA-ATPase Cdc48/p97 [52], which is
also involved in protein quality control pathways including ERAD
and ribosomal quality control [53,54]. Interestingly, Cdc48/p97
function can be bypassed by unstructured tails of at least 20 amino
acids in the cell [55]. Thus, the segregase and unfoldase activity of
p97 apparently enables degradation of substrates with unfolded
stretches that are too short for processing by the 26S proteasome
alone, but the requirement of unstructured regions remains. In
the cell it has also been shown that the requirement of
unstructured regions for efﬁcient degradation does not only hold
for ubiquitylated substrates, but also for ubiquitin-independent
proteasomal degradation, as shown for ornithine decarboxylase
(ODC) in the cellular context [56]. An interesting consequence of
the positioning of the unstructured region relative to the boundary
of a domain and the resulting directionality of its degradation is a
different composition of the peptides generated [57].
3. Structure and disorder of the RP
Despite its central role in cellular proteostasis the architecture
of the RP remained largely elusive until recently [13]. In particular,
the variability of the holocomplex, in part due to unstructured seg-
ments of its subunits, has frustrated crystallographic approaches.
Cryo-EM approaches are better suited to address these challenges
and provided much of our knowledge on the structure of this com-
plex. In the following, we summarize our current understanding of
the architecture of the RP as well as the role of disordered seg-
ments in the RP.
The RP assembles from two subcomplexes, referred to as the
base and the lid. The base consists of Rpt1-6, Rpn1, Rpn2 and
Rpn13. The Rpts exhibit high sequence identity with respect to
each other and their closest prokaryotic relative, the archaeal
proteasome-activating nucleotidase (PAN) [58]. Each comprises
three different domains: an N-terminal coiled-coil domain, an
oligosaccharide-binding (OB) domain, and an AAA-ATPase domain[59]. The AAA-domains and the OB-domains assemble to stacked
pseudo 6-fold symmetrical rings whereas the coiled-coil domains
form 3 heterodimeric coiled coils emanating from the OB domains
[60–62]. The very N-terminal 50 residues of all Rpts as well as of
PAN are predicted to be unstructured (Fig. 3). To date, only the
N-terminal segment of Rpt2 has been studied functionally, reveal-
ing that it is required for assembly of the Rpt1/2 heterodimer [63].
All six Rpts possess natively disordered C-termini and three of
them (Rpt2, 3, 5) share a motif with PAN consisting of a hydropho-
bic residue (Hb) and a tyrosine followed by a residue of any type
(HbYX) [64]. Short HbYX-containing peptides mediate opening of
the CP gate [65] and stimulate peptide degradation [64]. Through
binding to groves between the a-subunits of the CP the
HbYX-containing tails mediate AAA-ATPase binding to the ends
of the CP (Fig. 2) [30,31,64,66]. Due to their similarity to
AAA-ATPases of prokaryotic ATP-dependent proteases it is widely
assumed that the AAA-domains thread substrates through their
central channel into the CP [28]. Jointly, OB- and coiled-coil
domains exhibit unfoldase activity [59], which contribute to the
Rpts’ function of substrate unfolding and translocation into the CP.
Rpn1 associates with the coiled coil of Rpt1/2 and is positioned
separately from the other RP subunits (Fig. 2), placing it well to
function as a hub for proteasome interacting proteins (PIPs) [67–
70]. The association of Rpn1 with Rpt1/2 is mostly mediated by a
central segment of approximately 100 residues that is structurally
poorly characterized. Approximately 30 residues of it presumably
form a helix, which is involved in a helical bundle together with
the Rpt1/2 coiled coil [32] and the remaining residues are likely
unstructured (Fig. 3).
In contrast to Rpn1, Rpn2, which binds to the tip of the Rpt6/3
coiled coil, is tightly integrated into the lid [30,31]. Rpn2 seems to
have mostly a scaffolding role and positions the ubiquitin receptor
Rpn13, which associates with the disordered C-terminus of Rpn2
[71,72] at a very exposed position suitable for binding
poly-ubiquitylated substrates [73]. Rpn13 is a somewhat unusual
ubiquitin receptor because it binds ubiquitin through loops of a
well-structured domain referred to as the pleckstrin-like receptor
for ubiquitin (PRU) [21,71].
The lid is an independently assembling RP sub-complex formed
by non-ATPase subunits. The subunits Rpn9, 5, 6, 7, 3 and 12 form
its horseshoe-like scaffold [30,31,74]. These subunits are evolu-
tionary related to each other and to subunits in the
COP9/signalosome and initiation factor 3 and hence referred to
as proteasome-COP9-initiation factor 3 (PCI) proteins. The subunits
Rpn6 and also Rpn5 maintain contact to the CP in different confor-
mational RP states [32,74]. Rpn8 and Rpn11 are also evolutionary
related and share an MPN domain. Whereas Rpn11 catalyzes deu-
biquitylation, the MPN domain of Rpn8 has no enzymatic activity
[23,24]. The MPN domains form a heterodimer, which positions
the active site of Rpn11 near the mouth of the AAA-ATPase module
enabling substrate deubiquitylation prior to or even during unfold-
ing and degradation [75,76]. A helical bundle formed by the
C-terminal regions of the PCI and MPN subunits holds the lid
together [29,77].
The small peptide Rpn15/Sem1, which was recently found to
function as an ubiquitin receptor [22], bridges the cleft between
Rpn7 and Rpn3 [78]. Consistent with its recently discovered func-
tion this subunit is also a component of at least three additional
protein complexes involved in the UPS (TREX-2, BRCC, and Thp3–
Csn12 complex). Extended segments of Sem1 family proteins are
predicted to be intrinsically disordered. In the context of com-
plexes Rpn15/Sem1 adopts at least partially deﬁned structures,
which are, however, very different in the context of the BRCC
[79], TREX-2 [80], and the RP [78]. The ﬂexibility may serve to
stabilize the respective protein complexes, but also to recruit
Fig. 2. Molecular architecture of the 26S proteasome. The CP (red) is capped by the RP, which comprises two subcomplexes, the lid and the base. The base contains the AAA-
ATPase subunits Rpt1-6 (shades of blue) as well as the non-ATPases Rpn1 (brown), Rpn2 (yellow) and the ubiquitin receptor Rpn13 (light purple). The lid consists of the 6 PCI
subunits (shades of green), arranged in a horseshoe-shaped manner and rooﬁng the MPN subunits Rpn8 and Rpn11 (shades of pink), as well as the peptide Rpn15/Sem1
(orange) bridging Rpn3 and Rpn7. The ubiquitin receptor Rpn 10 (dark purple) is neither part of the lid nor the base.
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Sem1 constitute the relevant part for binding ubiquitin [22].
The third and arguably most important resident Ub receptor,
Rpn10, is neither part of the base nor the lid, suggesting that it
associates to the RP only after the lid binds to the base. It associates
to the lid, mostly to Rpn9, such that it is in immediate vicinity to
the Rpt4/5 coiled coil, easily accessible for ubiquitin [73]. Rpn10
exhibits extended disordered stretches in its C-terminal part,
which embrace the ubiquitin interacting motifs (UIM). The UIMs
form helices that interact with ubiquitin, but they do not adopt
any tertiary structure [81]. Thus, the disordered segments may
provide a high degree of ﬂexibility to the UIMs and render
Rpn10’s C-terminal part adaptive for binding of different polyubiq-
uitin chains.
4. Proteasome-interacting proteins and their unstructured
regions
The canonical subunits of the proteasome are complemented by
many PIPs [18,82–85]. These include the shuttling ubiquitin recep-
tors (sUbRs) [69,86] Rad23, Dsk2 and Ddi1, which can bind to
poly-Ub chains as well as proteasomal subunits, deubiquitylating
enzymes (DUBs) [87,88], such as Ubp6 and Uch37, and E3 ubiqui-
tylating enzymes like Hul5 [18,89]. The sUbRs and the DUB Ubp6
possess an N-terminal ubiquitin-like (UBL) domain (Fig. 3) for
recruitment to the RP, primarily via Rpn1 [67], but also via
Rpn10 [90–93]. The DUB Uch37, which is expressed in most
eukaryotes with the notable exception of Saccharomyces cerevisiae,
binds to a C-terminal DEUBiquitinase ADaptor (DEUBAD) domain
[94] of Rpn13 that co-evolved with Uch37 [95–97].
Bioinformatic prediction suggests that the major PIPs all com-
prise relatively long disordered regions (Fig. 3). In the sUbRs the
unstructured segments likely serve two purposes: (i) the ﬂexible
linkage of UBL domains supports docking to the 26S proteasomes,
as suggested by NMR studies of the human versions of Rad23 and
Rpn10 [90]; (ii) the ﬂexible attachment of the ubiquitin associating
(UBA) domains may be beneﬁcial for binding polyubiquitin chains,
similar to Rpn10.
The DUB Ubp6 contains an extended unstructured linker con-
necting the N-terminal UBL and the catalytic ubiquitin-speciﬁc
protease (USP) domains. Recent cryo-EM studies have shown that
the UBL domain of Ubp6 binds to Rpn1 in a uniform manner, while
the USP domain can adopt various positions [98]. The unstructuredlinker most likely facilitates the structural variability of the USP
domain. The functional role of unstructured stretches within the
catalytic USP domain is unclear; e.g., they might be important for
activation of Ubp6 upon binding to the 26S proteasome [18].
The functional role of disordered segments has arguably been
explored best for the DUB Uch37, which is activated upon binding
to Rpn13, similar to the activation of Ubp6 by association to the RP.
Crucial for the activation of Uch37 is a disorder–order transition in
an active site crossover loop (ASCL) [99,100]. Binding to the Rpn13
DEUBAD domain allosterically converts a segment that crosses the
active site into a loop, opening the active site [99,100].
Furthermore, unstructured regions bridging Rpn13’s PRU and
DEUBAD domains may tune UCH37 activity [99].
Thus, unstructured elements appear to play important roles for
PIP association and their substrate binding. Although PIPs associate
with the proteasome and are equipped with possible initiation
regions, their own degradation is prevented, which is due to two
features: (i) the tight folding of the UBL domain [101], and (ii)
low complexity regions in all of the unstructured regions (Fig. 3),
which has been demonstrated to prevent degradation of Rad23
[48].
5. Mechanistic model of proteasomal degradation based on
observed conformational changes
In depth classiﬁcation of a large cryo-EM dataset of single par-
ticles in ATP containing buffer revealed the co-existence of two dif-
ferent major conformations under these conditions [32]. The
majority of particles (80%) adopt the state s1, which had been
described before at a pseudo-atomic level [29], whereas a minority
(20%) is in the state s2 (Fig. 4). Compared with the presumably
lowest-energy state s1 (ground state), the conformation s2 shows
a 25 rotation of the non-ATPase subunits and a shift of the
ATPase ring. During this transition the structure of the ATPase
remains unchanged at the resolution of the cryo-EM reconstruction
and also the non-ATPases largely transform as a rigid body with
the notable exceptions of the N-terminal domains of Rpn5 and
Rpn6 that maintain their contacts to the CP. Functional conse-
quences of this rearrangement are: (i) a better alignment of the
axes of CP and ATPase hexamer, which likely results in more efﬁ-
cient peptide degradation; (ii) a 20 Å shift of the DUB Rpn11,
which positions it directly above the mouth of the ATPase module
rendering Rpn11’s active site accessible [75,76]; (iii) positioning of
Fig. 3. Disordered regions in RP and PIPs. For each RP subunit and the PIPs (framed inset), disordered (red bars) and low complexity regions (black shaded bars) are opposed
with domains of known structure (colored bars below). All sequences are from Saccharomyces cerevisiae with the exception of Uch37 (human). Disordered regions were
predicted with the methods DISOPRED2, IUPRED and SPINE-D [105–107]. Plotted are disordered regions that are predicted by at least two methods and consist of 10 amino
acids or more. Low complexity regions were assigned using the SMART database [108]. Overall, the predicted unstructured elements of RP subunits almost exclusively
correlate with areas that are not covered by the existing pseudo-atomic models [32].
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Fig. 4. Conformational states involved in proteasomal degradation. Top row: Pseudo-atomic models of three distinct 26S proteasome states s1-s3 [32]. Bottom row:
Mechanistic model for proteasomal degradation involving these states. Poly-ubiquitylated substrates are recruited by the ubiquitin receptors in s1. A 25-rotation of the lid
and a shift of the ATPase module upon conformational switching to s2 may commit the substrate to degradation and activates the DUB Rpn11. An additional shift of the lid
subunits and a conformational change of the ATPases subunits align the ATPase pore with the CP gate in s3 and allow substrate processing, including unfolding and
translocation of the substrate into the CP.
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coil, which may facilitate substrate transfer.
When ATP in the buffer is exchanged by the slowly hydrolysa-
ble ATP analog ATP-cS a third, likely energetically activated, state
s3 becomes most highly populated [34]. Essentially the same con-
formation was also observed upon addition of polyubiquitylated
substrates to proteasomes with dysfunctional Rpn11 [33].
Compared with s2, the ATPase module undergoes a major topolog-
ical change aligning its axis with that of the CP gate even better and
the non-ATPase subunits are shifted. The positioning of the DUB
Rpn11 and the ubiquitin receptor Rpn10 with respect to the
ATPase module remains essentially unchanged in s3 compared to
s2.
These results led to a mechanistic model for substrate degrada-
tion [32] (Fig. 4). The low energy state s1 may recruit substrates to
the proteasome by binding of the polyubiquitin chains to the ubiq-
uitin receptors. In this state, the ubiquitin receptors are accessible,
but the gate to the CP and the active site of Rpn11 are not.
Switching to the intermediate energy state s2 possibly commits
substrates to degradation, by transferring them to the mouth of
the ATPase. Such a commitment step involving ATP-dependent
tighter binding of the substrate was shown to be essential for pro-
tein degradation [102]. This notion of tighter binding is supported
by the ubiquitin receptor Rpn10 approaching the ATPase upon
transition from s1 to s2. The commitment also requires unfolded
or loosely folded protein segments, which explains the need of
such features for proteasomal degradation. The distance between
essentially all ubiquitin receptors (with the notable exception of
Sem1) and the mouth of the ATPase could be bridged by stretches
of approximately 30 unfolded residues, allowing simultaneous
association of the substrate to the Ub receptors and the OB-ring
[9]. The ATPase coiled coils may play a pivotal role in binding
and transferring unfolded segments to the OB-ring, as demon-
strated for the bacterial RP ATPase homolog [103]. Moreover,removal of the polyubiquitin chain by the activated Rpn11 is likely
to occur during the commitment step. Rpn11, the ATPase hexamer
and Rpn2 presumably form a composite active site for simultane-
ous unfolding and deubiquitylation [75]. The geometry of this
active site remains essentially unchanged upon transition from
s2 to the higher energy state s3, where Rpn11 is likely activated
as well. In addition, release of the stored energy can enable ﬁnal
substrate unfolding and translocation into the CP, possibly in the
form of rapid bursts triggered by ATP hydrolysis [33]. The align-
ment of the ATPase channels with the CP gate furthermore enables
efﬁcient peptide transport into the CP. Thus, the s3 conformation is
most likely a substrate-processing state.
6. Correlation of unstructured domains in the RP with its
structural variability
In order to elucidate how the predicted unstructured regions
affect structural variability of the 26S proteasome, we computed
variance maps for the three 26S conformations from the single par-
ticle data they were derived from (Fig. 5) [32]. A variance map
approximates the statistical error at each voxel of the correspond-
ing reconstruction and hence provides a measure for the local vari-
ability of the complex in the respective conformation.
Interestingly, the s1 state shows the largest regions of variability.
However, the major variance ‘‘hotspots’’ are the same for all these
states. They are located in the vicinity of Rpn1, Rpn10 and Rpn13.
The most prominent hotspot is located in the vicinity of Rpn10.
This large variability could be explained by the ﬂexible linkage of
the UIMs with extended unstructured segments [81]. Similarly,
unstructured residues can explain the variance of Rpn13. In this
case, the ﬂexibility of the C-terminus of Rpn2, which tethers
Rpn13 to the RP [71,72,104], may give rise to a highly variable
positioning of Rpn13. The variance hotspot in the region of Rpn1
also correlates with predicted unstructured domains. In particular,
Fig. 5. Variance maps for the three conformational states s1, s2 and s3. Top row: Isosurface representations of cryo-EM densities (gray) and variance hot spots (colored)
derived from the single particle datasets in [32]. Center and bottom row: Two different views of the variance spots and the pseudo-atomic models for all states. For the
comparison all three variance maps were normalized to the signal in the CP, which is anticipated to remain invariant. Variance maps were computed using the bootstrapping
approach implemented in SPARX [109,110].
2558 A. Aufderheide et al. / FEBS Letters 589 (2015) 2552–2560the 100 residue segment in the central torus domain of Rpn1,
which are involved in the interaction with the Rpt1/2 coiled coil
[32] might add to the structural variability of Rpn1.
Taken together, the variance map analysis indicates high
variability of the RP near the sites of substrate and PIP binding.
Thus, mobility of the resident ubiquitin receptors seems to be a
means to facilitate efﬁcient recruitment of polyubiquitylated
substrates. Likewise, the ﬂuctuation of Rpn1 may enable docking
of PIPs, in particular shuttling Ub receptors, supporting its role as
a hub for these proteins [67,69,70]. The variance hotspots can all
be explained by strategical positioning of unstructured segments
in the respective RP subunits highlighting the importance of these
segments in 26S proteasome function.
7. Conclusions
Disordered protein domains play important roles in proteaso-
mal degradation, both in the proteasome itself and in its
substrates. For polyubiquitylated substrates unstructured regions
function as initiation sites for degradation by the proteasome.
Their length requirements can be explained by the necessity ofsimultaneous binding to ubiquitin receptors and the mouth of
the ATPase module. The subunits of the proteasome are mostly
structured and unstructured regions occur only at speciﬁc sites
important for substrate binding.Acknowledgements
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